Introduction {#s1}
============

Productivity of agricultural commodities throughout the world must increase in order to supply the food needs of the expanding population. [@B1] estimated that by 2050, an additional 1 billion metric tons per year of cereals would be needed to meet the demand, which would require an increase in production from 2.1 to 3.0 billion metric tons. This requires that we either increase yield of crops through closing the yield gap between the potential and actual yields or by increasing the potential yield of crops. [@B5] introduced the concept of potential yield in crops and the value of considering potential yield in evaluating progress of crop management programs. Most would argue that decreasing the yield gap is more achievable than increasing the potential yield. If we assume that the potential yield can be described as
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where Y~p~ is the potential yield, St is the incident solar radiation, C is the fraction of photosynthetically active radiation in total solar radiation, ε~i~ the interception efficiency, ε~c~ the conversion efficiency of solar radiation into photosynthetic products, and ε~p~ the efficiency of the conversion of stored carbon into harvestable products. [@B14] conducted an in-depth analysis on these terms and concluded that ε~i~ and ε~p~ are near the theoretical maximum for agronomic crops while there is improvement in ε~c~ possible and potentially increase Y~p~ by 50%. This relationship was first described by [@B15] to evaluate the efficiency of light capture by crops and understanding how light is efficiently captured by agronomic crops will pay dividends in increasing crop productivity. We can describe the yield gap as
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where Y~g~ is the yield gap and Y~a~ the actual yield. There have been several studies on the yield gap for a variety of crops that has led to the development of a global yield gap atlas ([www.yieldgap.org](www.yieldgap.org)) based on the application of the use of Y~p~ and Y~a~ as described by [@B20]. [@B9] provide a methodology for estimating Y~g~ at the cropping system level. The approach has demonstrated the utility of being able to quantify yield gaps for different crops and climates.

In their analysis of yield gaps for a variety of crops, [@B6] provided an in-depth assessment of the trends in yields for different crops in their megaclimatic regions and proposed that Y~p~ would represent yields with no limitations of water or nutrients of the best-adapted varieties. [@B5] proposed this definition to provide a standard for comparison among experiments. [@B6] defined farm yield (Y~af~) as the crop yield reported at the field, district, regional, or national average, and attainable yield (Y~at~) is the yield achieved under economically optimal practices with minimal limitations due to the weather during the growing season. [@B6] proposed yield gaps (Y~g~) should be expressed as a percentage of Y~at~ because this metric would have more impact in evaluating the limitations to production rather than Y~p~.

In their analysis of wheat (*Triticum aestivum* L.) yields and Y~g~, [@B6] found that increasing Y~p~ is an important factor in increasing Y~a~ and that increases in Y~a~ are a result of improved agronomic practices and would require implementation of multiple practices. They proposed that increases in Y~p~ are associated with increased grain number, harvest index, grain weight, and total dry matter. Yield gaps in wheat are closing slowly because of the adoption of agronomic practices that enhance Y~a~ ([@B6]). Yield gaps have been the focus of several studies on a range of agronomic crops. [@B13] evaluated Y~g~ and found in irrigated wheat, rice (*Oryza sativa* L.), and maize (*Zea mays* L.) that yields were near 80% of the Y~p~, and that weather was the major constraint on productivity variation during the growing season. [@B17] evaluated yield gaps of global grain production and suggested that closing the yield gap would require a detailed understanding of the specific limitations for each region. [@B16] found nutrient and water management were key to closing the yield gap because yield variability was affected by fertilizer use, irrigation, and climate. This conclusion was also supported by [@B19] where they observed crop yield increases were more closely associated with nitrogen and water than plant genetics. [@B18] observed that climate variation explained one-third of the global crop yield variability and in some areas of the world over 60% of the yield variability could be attributed to climate variation. [@B8] cautioned that historical yield trends needed to be evaluated to determine their trends and potential plateaus. They reported that wheat yields since 1960 in northern Europe, e.g., France, the Netherlands, and United Kingdom, had plateaued while increases were still evident in Australia, China, and India. In developing countries, [@B7] argued that crop yields have not increased in proportion to the advances in agronomic practices and there is much potential in productivity to be realized with adoption of improved practices.

Using yield gap analysis based on Y~at~ from country-level data in the Midwestern US, [@B12] showed that Y~g~ on maize and soybean (*Gylcine max* L. Merr.) was related to July maximum temperatures, August minimum temperatures, and July--August total precipitation. Each of these climatic variables has a direct relationship to the physiological efficiency of these crops. However, in Great Plains wheat production, [@B10] found that Y~g~ was closely related to precipitation during the grain-filling stage and that temperatures were not a consistent limiting factor because wheat in these areas was not exposed to temperatures above the upper range for development. Analysis of the factors causing yield gaps can provide a valuable tool for assessing the limitations to productivity and improved management strategies to increase Y~af~. The objective of this study is to evaluate the yield gaps in the major wheat growing regions of the world using readily available data and to determine the limitations to productivity using yield gap analysis. The study serves as the foundation to develop strategies to decrease the yield gap for the major yield producing areas.

Methodology {#s2}
===========

Data on wheat yields were collected from various sources to represent a range of scales. The primary data source was Food and Agriculture Organization Statistics (FAOSTAT) ([www.fao.org/faostat accessed 3-June-2019](www.fao.org/faostat accessed 3-June-2019)) for the 10 highest-producing countries in the world. These countries are shown in [**Table 1**](#T1){ref-type="table"} with the area harvested and production for 2017. Data from 1961 through 2017 were extracted for the area harvested, yield, and total production. For the United States, state-level data were extracted for the top three wheat producing states, Kansas, North Dakota, and Washington, from the National Agricultural Statistics Service (nass.usda.gov, accessed June 3, 2019) for the period from 1950 through 2018. A more in-depth analysis was conducted for the top three producing counties in Kansas, Mitchell, Saline, and Sumner, with the data extracted from the NASS site for the period from 1950 through 2007. The area harvested and total production for these states and counties are shown in [**Table 2**](#T2){ref-type="table"}.

###### 

Area of wheat production and annual production in 2017 and the average yield gap from 1960 to 2017 for the top 10 wheat producing countries.

  Country             Area harvested in 2017 (ha)   Production in 2017 (metric tons)   Yield gap (1960--2017) and confidence limit
  ------------------- ----------------------------- ---------------------------------- ---------------------------------------------
  China               24,510,393                    134,000,000                        0.12 (0.01)
  India               30,600,000                    98,510,000                         0.04 (0.005)
  United States       15,210,680                    47,370,880                         0.12 (0.01
  Russia Federation   27,517,354                    85,863,132                         0.21 (0.02)
  France              5,464,689                     36,924,938                         0.15 (0.007)
  Canada              9,035,993                     31,818,744                         0.24 (0.009)
  Germany             3,202,600                     24,481,600                         0.00 (0.0009)
  Australia           12,191,153                    22,274,514                         0.24 (0.01)
  Pakistan            8,972,000                     26,674,000                         0.08 (0.007)
  Turkey              7,662,273                     21,500,000                         0.12 (0.009)

Data extracted from FAOSTAT ([www.fao.org/faostat](www.fao.org/faostat)).

###### 

Area harvested and total production in 2018 for the three top producing states in the United States and the average yield gap from 1950 through 2018 and the area harvested and total production for the top three producing counties in Kansas and the average yield gap from 1950 through 2007.

  State          County     Area harvested in 2018 (ha)   Production in 2018 (metric tons)   Yield gap (1950--2018)
  -------------- ---------- ----------------------------- ---------------------------------- ------------------------
  Kansas                    3,116,021                                                        0.22 (0.03)
                 Mitchell   82,069                        187,653                            0.36 (0.05)
                 Saline     61,794                        62,336                             0.25 (0.04)
                 Sumner     161,467                       184,600                            0.29 (0.05)
  North Dakota              3,130,185                     10,020,199                         0.24 (0.03)
  Washington                8,933,855                     4,277,552                          0.17 (0.02)

Data extracted from the National Agricultural Statistics Service ([www.nass.usda.gov](www.nass.usda.gov)). Standard errors are shown in parentheses.

Analysis of the data was conducted across all yield records with the same approach. The process used quantile regression at the 95^th^ percentile (PROC QUANTREG in SAS, SAS for Windows v 9.3, SAS Institute, Cary, NC). This procedure was followed to find the attainable yield (Y~at~) for all of the observed yield data for a country, state, or county. Use of this approach to obtain boundary lines was described by [@B21] and [@B2]. This method was used by [@B3], [@B4] and uses a statistical method to select the years at the upper frontier of the record across the observed period of record to determine Y~at~ for different counties in the Midwest. These Y~at~ yields are assumed to represent the years in which weather was not a limitation to production. The yield gap is calculated as
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where Y~at~ is the attainable yield obtained from the quantile statistical analysis. Equation 3 provides the fraction yield gap. For each year, Y~at~ and Y~g~ are computed and an average of the Y~g~ computed across the total record. Data are presented to show the yield trend and Y~at~ and the temporal trend of Y~g~ for the 10 countries with the largest production since 1960. To obtain the yield trend line in the Y~a~ values, we used linear regression through the observed data with (PROC REG from SAS).

Results and Discussion {#s3}
======================

Yield Trends and Attainable Yield {#s3_1}
---------------------------------

In this analysis, we focused on two metrics from the yield record, the Y~at~ and Y~a~ values. The assumption made was that the slope of the Y~at~ line would represent the technology increase for a given country, while the slope of Y~a~ would represent the ability of the country-level yields to increase given the combination of technology and weather within the growing season.

Wheat yields in all countries have shown a continual increase since 1960. There is variation among the countries for both the slopes in the Y~at~ and Y~a~ values ([**Table 3**](#T3){ref-type="table"}). The differences between the two values for a given country reveal that technological advances have increased more than the yield trend line. If technology was the only factor contributing to the yield trend, then the expectation would be for the slopes of the lines to be similar; however, the slopes were significantly different (ρ \< 0.01) using simple T-test. The standard error of the estimates was computed for each regression analysis and was quite small for all of the countries we evaluated. The Y~g~ values are computed on an individual year, and although there may be differences in the production area within a given country, this would be negated by the estimated Y~at~ and Y~a~ observations within a given year because these values are from the same land area. Yield gap analysis at the country level could be independent of the production region unless there was a major shift in the production region from good to poorer soils or from rain-fed to primarily irrigated areas. To evaluate this, we found no significant relationship between the area under production and Y~g~ for a given year across any of the countries. The assumption would be that trends in country-level yields would be reflective of the technology adoption within the country.

###### 

Comparison of the slope of actual yield trends to attainable yield changes for the top wheat producing countries.

  Country             Slope of the actual yield increase (kg ha^−1^ year^−1^)   Slope of attainable yield increase (kg ha^−1^ year^−1^)
  ------------------- --------------------------------------------------------- ---------------------------------------------------------
  China               88.3 (1.8)                                                99.8 (2.0)
  India               44.8 (1.14)                                               57.6 (1.2)
  United States       25.6 (0.5)                                                27.7 (0.6)
  Russia Federation   43.9 (1.2)                                                48.7 (1.25)
  France              83.4 (1.1)                                                125.9 (1.3)
  Canada              31.7 (0.6                                                 41.8 (0.9)
  Germany             93.4 (2.1)                                                112.0 (2.1)
  Australia           15.2 (0.3)                                                21.4 (0.4)
  Pakistan            38.9 (0.7)                                                41.8 (1.1)
  Turkey              27.3 (0.7)                                                28.9 (0.9)

Standard errors are shown in parentheses.

There are differences among countries. China wheat yields have shown an increase in yield; however, the slope of Y~at~ is 99.8 kg ha^−1^ year^−1^ while Y~a~ is at 88.3 kg ha^−1^ year^−1^. China has demonstrated the most consistent increase in wheat productivity since 1960, suggesting that wheat production has benefited from adoption of technology across the country ([**Figure 1A**](#f1){ref-type="fig"}). If we compare the yield trends in Australia ([**Figure 1B**](#f1){ref-type="fig"}), Canada ([**Figure 1C**](#f1){ref-type="fig"}), and the United States ([**Figure 1D**](#f1){ref-type="fig"}), these national scale yields show variability among the years with the Y~at~ trends exhibiting a larger increase than Y~a~. In the top wheat producing countries, the Y~at~ increase was greater than the Y~a~ trend ([**Table 1**](#T1){ref-type="table"}), with France and Germany showing the largest values in Y~a~ and Y~at~. These two countries have used a combination of advanced technology in managing the crop and have a climate that is ideally suited to wheat production because of the combinations of temperature and precipitation during the growing season. Technology adoption was suggested by [@B6] as being a significant factor in closing the yield gap.

![Yield trends and attainable yield for China **(A)**, Australia **(B)**, Canada **(C)**, and United States **(D)** from 1960 through 2017. Data from FAOSTAT ([www.fao.org/faostat](www.fao.org/faostat)).](fpls-10-01603-g001){#f1}

Yield Gaps {#s3_2}
----------

Each country has shown an increase in Y~a~; however, the Y~g~ has remained relatively constant over the years. The average Y~g~ for the period from 1961 through 2017 for the 10 top producing countries showed a range from 0.0 in Germany to 0.24 in Australia and Canada ([**Table 3**](#T3){ref-type="table"}). These are the average values calculated from the annual Y~g~ values. There is variation in Y~g~ across the years for all countries with no significant trend in closing the gap between actual and attainable wheat yields, e.g., China ([**Figure 2A**](#f2){ref-type="fig"}), Australia ([**Figure 2B**](#f2){ref-type="fig"}), Canada ([**Figure 2C**](#f2){ref-type="fig"}), and the United States ([**Figure 2D**](#f2){ref-type="fig"}). China is showing a decrease in the variation in Y~g~ in the last decade ([**Figure 2A**](#f2){ref-type="fig"}); however, this has not impacted the overall Y~g~ trend. Australia exhibits the largest Y~g~ values, often exceeding 0.5, and there has been no change in the Y~g~ values since 1960 ([**Figure 2B**](#f2){ref-type="fig"}). This can be attributed to the large variation in the meteorological conditions during the growing season related to the El Nino Southern Oscillation (ENSO) Index and years with large negative Southern Oscillation Index (SOI) values have the largest Y~g~ values and large positive values showed the smallest Y~g~ values. However, the scatter among all of the years showed the overall Y~g~ record was not significantly correlated with SOI values because other factors contributed to the inability of the wheat crop to achieve its potential. Canada has the same average Y~g~ value as Australia and has recorded Y~g~ values near 0.5; however, the past 4 years have shown very small Y~g~ values compared to the early record because of more favorable weather, e.g., slightly warmer temperatures and above-normal precipitation during the grain-filling period for the wheat producing regions. Yield gap values in the United States average 0.12 and show a trend toward decreasing Y~g~ values, but this trend is not significant. These observations of Y~g~ in these countries represent the range of yield gaps in wheat producing countries in the world. It is important to realize that national scale yields are comprised of many environments and soils and reflect the large-scale impacts of technology and the weather, and it is not possible to produce any assessment other than general trends.

![Yield gap trends from 1960 to 2017 for China **(A)**, Australia **(B)**, Canada **(C)**, and United States **(D)** using the data obtained from FAO ([www.fao.org/faostat](www.fao.org/faostat)).](fpls-10-01603-g002){#f2}

State- and County-Level Yields and Yield Gaps {#s3_3}
---------------------------------------------

To address the question of trends in more regional scale observations we extracted state-level data for the top three wheat producing states in the United States and computed their Y~at~ and Y~g~ values. The yield trends for Kansas show an increase in Y~a~ over time with no decrease in the Y~g~ values ([**Figure 3**](#f3){ref-type="fig"}). We found the same results for North Dakota and Washington with increasing yields but no decrease in the Y~g~ values over time. To further refine the scale to the county level, the top three wheat producing counties in Kansas were selected, and they also showed the same pattern as the Kansas aggregate data. There were differences among the three counties in their average Y~g~ values ([**Table 2**](#T2){ref-type="table"}), with Mitchell county showing the largest Y~g~ average. The same results were observed by [@B10] when they examined Kansas, Oklahoma, and North Dakota wheat production and found Y~g~ values were related to the precipitation amounts during the grain-filling period. For these three counties, one weather event in 2007, a late spring freeze during heading was responsible for large Y~g~ values pf 0.64 (Mitchell), 0.76 (Saline), and 0.71 (Sumner).

![Winter wheat yield trends and attainable yields for Kansas from 1950 through 2018. (Data from [www.nass.usda.gov](www.nass.usda.gov)).](fpls-10-01603-g003){#f3}

Saskatchewan is the top wheat producing province in Canada and shows the same trends as the whole country of Canada ([**Figure 4**](#f4){ref-type="fig"}). There is a difference in Canadian wheat production with the growth of spring wheat varieties in the western provinces. The attainable yields exhibit a larger slope than the observed yield trends revealing that weather limitations on yields reduce the effect of technology. As we change the scale of the observed yield trends, there will be greater differences in the variation around the trend line because of the more local effects of weather and soil variations and their interactions. For example, within county-level yields, the impact of a drought or freeze could be quite large; however, at the statewide or country level, these effects may not be seen because the effects would not be evident across the large area.

![Spring wheat yield trends and attainable yield for Saskatchewan, Canada, from 1976 through 2017.](fpls-10-01603-g004){#f4}

Yield Gap Trends {#s3_4}
----------------

There is no discernable trend in the Y~g~ values across any scale we examined in this study. The Y~at~ values exhibit a larger increase than the Y~a~ trends, indicating that technology (agronomic and genetic) has increased the attainable yield and the potential yield; however, we are not closing the yield gap. The fact that the Y~g~ values have not decreased would suggest that weather remains the dominant factor limiting production around the world because the adoption of technology has provided for substantial yield increases across all countries. Since weather is the dominant effect on Y~g~, the challenge will be to determine how climate resilient a cropping system can be for a given region. This will require changes in the management practices as proposed by [@B11] where they discussed the role of the genetics × environment × management (GxExM) concept in providing a framework for increasing productivity. The scale of yield data assembled from national, province, state, or county level provides an indication of the potential progress toward reducing the Y~g~ at a large scale. However, this scale doesn't provide potential options for a producer to increase their productivity and reduce the yield gap. Evaluation of specific factors and potential management options for producers will have to be evaluated at a scale that represents the actual growing conditions. The analyses in this study were focused on the country-scale assessments to determine our progress toward decreasing the yield gap.

Conclusions {#s4}
===========

The concept of yield gaps provides a framework for assessing the trends in yield for all crops. Across the top wheat producing countries of the world, there are differences in the progress for increasing yield. In France and Germany, the yield increase is near 100 kg ha^−1^ year^−1^, while in Australia, it is 15 kg ha^−1^ year^−1^, which can be attributed to a large difference in the variation in the climate between these two regions. There is also a major difference in the magnitude of the Y~g~ values between these two areas. Yields are more stable in the northern Europe environments compared to the Australian continent, also reflective of the weather variation among growing seasons. Evaluating smaller-scale yields, e.g., county, reveals that weather within the growing season is the dominant factor affecting yield gaps ([@B13]). Technological advances have increased the attainable yields at a greater level than the yield trends, indicating that to close the yield gap, wheat producers will have to adopt practices at the local scale that will allow the technology improvements to be realized. These are local decisions made by individual producers; however, efforts to demonstrate how soil and agronomic practices that increase productivity could reduce the yield variation among years will pay dividends in closing the yield gap in wheat.
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